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Materials and Methods

Statistical Model

Estimation of Maternal, Imprinting and interaction effects using Multinomial Modelling (EMIM) [1]

directly maximises the multinomial likelihood to detect parent-of-origin effects. EMIM has many

advantages over other statistical methods (such as LRT [2], PO-LRT [3], CPG [4] and CEPG [4])

for detecting parent-of-origin effects as EMIM has consistent type I error rates, in general offers

the strongest power and is flexible in study and model design [5]. The theoretical frequencies

for the multinomial model are shown in Table S1, where column 5 gives the parameters that are

Table S1: Theoretical Frequencies for Family Trios
No. of Variant Parental Origin Mating Theoretical EMIM
Alleles (MPCa) (Mat and/or Pat) Type Frequencyb Parametersc

222 Mat & Pat 1 S2R2IMIPα22µ1 (S1)
2(R∗

1)
2I∗Mµ1

212 Mat & Pat 2 S2R2IMIPµ2 (S1)
2(R∗

1)
2I∗Mµ2

122 Mat & Pat 2 S1R2IMIPα12µ2 S1(R
∗
1)

2I∗Mµ2
211 Mat 2 S2R1IMα21µ2 (S1)

2R∗
1I

∗
Mµ2

121 Pat 2 S1R1IPα12µ2 S1R
∗
1α11µ2

201 Mat 3 S2R1IMµ3 (S1)
2R∗

1I
∗
Mµ3

021 Pat 3 R1IPµ3 R∗
1µ3

112 Mat & Pat 4 S1R2IMIPα11µ4 S1(R
∗
1)

2I∗Mα
∗
12µ4

111 Mat or Pat 4 S1R1(IM+IP )α11µ4 S1R
∗
1(I

∗
M + 1)α11µ4

110 4 S1α11µ4 S1µ4
101 Mat 5 S1R1IMµ5 S1R

∗
1I

∗
Mα11µ5

011 Pat 5 R1IPµ5 R∗
1µ5

100 5 S1µ5 S1µ5
010 5 µ5 µ5
000 6 µ6 µ6

aM,P and C are the number of copies of the allele the mother, father and offspring possess, respectively.
bRk, Sj and αjk, for j,k ∈ {1, 2}, denote the relative risk associated with j =M and k = C copies. IM and
IP denote the relative risk associated with the allele originating from the mother and the father respectively,
compared to the risk associated with the allele not being inherited. µi for i ∈ {1, .., 6} are the relative
frequencies for the 6 different parental-mating types shown in Column 3.

cThese are the parameters that can be estimated in EMIM as defined here with R∗
1 = R1IP , R∗

2 = R2(IP )
2,

I∗M = IM/IP and assuming a multiplicative model leads to (S1)
2 = S2 and (R1)

2 = R2 =⇒ (R∗
1)

2 = (R∗
2)

2.
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estimated in the model for this analysis. Mother/offspring interactions were not included in the

model due to power issues, although we did investigate these interactions when an offspring genetic

effect and maternal genetic effect were identified. In this scenario, the model is run again in EMIM

at only this SNP but this time including interactions in the model and utilising the Likelihood

Ratio Test (LRT) to compare the model with interactions to the model without interactions. The

model in EMIM assumes a genetic multiplicative model, shown in column 5, Table S1. Assuming a

multiplicative model can help increase power under certain genetic models (such as a true dominant

model) and is robust even when the model is misspecified [6]. One exception is when the true

model is a recessive model, however there is little power to detect a recessive variant even when

correctly specified [6]. Note: we assume parental mating symmetry (shown in column 3, Table S1)

in the population (when the proportion of matings with mothers of genotype M = m and fathers

of genotype P = p is the same as the proportion of matings with mothers of genotype M = p and

fathers of genotype P = m for the population) in order to investigate maternal genetic effects.

Quality Control Procedures

Quality Control (QC) procedures involve two main steps, QC of individuals and QC of SNPs. We

conducted the QC procedures using PLINK [7] and R [8]. We carried out our QC procedures on

the Strict Autism phenotype separate to the Spectrum Autism phenotype. This was necessary in

order to ensure that only the individuals included in the dataset would have an influence on the

SNPs that passed our QC criteria.

We carried out Principal Component Analyses (PCA) (Eigenstrat, [9]) for both the AGP and

SSC data to examine the structure of the populations using only high quality independent SNPs

from one affected offspring per family with HapMap data [10] as a reference. From Figure S1, it is

evident that the majority of samples from both the AGP and SSC are of European descent. We did
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not remove individuals that were not of European descent as we did not assume Hardy-Weinberg

equilibrium (HWE) in our model in EMIM, but we did assume parental symmetry and we stratified

the data into six mating types in order to make the model robust against population stratification.

For our analyses, we only considered independent trios consisting of one affected offspring

(a) AGP

(b) SSC
Figure S1: Principal Component Analysis for the AGP and SSC data including the Hapmap
data (release 23) for reference.
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and two genotyped parents. Only considering trios reduces the amount of missing genotype data

that needs to be estimated in EMIM, thus potentially increasing power. In the families with

more than one affected sibling, we randomly selected a sibling to include and removed all other(s).

Filtering of high call rates (>95%) for both the SNPs and the individuals was then carried out.

We QC’d the data for any serious deviations from HWE (p-value < 0.00001) because even though

we did not assume HWE in our model (we assumed parental symmetry), HWE can also detect

genotyping error and non-random mating such as inbreeding. We removed SNPs with MAF < 5%.

We investigated individuals and SNPs for Mendelian errors and any errors that were below 0.05%

(minor errors) were set to missing. We also removed any extreme deviations of heterozygosity

and checked for relatedness between families. We also removed any other SNPs that had a HWE

p-value < 0.00001 again in order to make the model more robust to population stratification. At

each QC step we removed any families that did not consist of complete trios. See Table S2 and

Table S3 for further details on the QC.

Table S2: Quality Control Procedure for AGP datasets
Strict AGP Data Spectrum AGP Data
Families SNPs Families SNPs

Start: 2 931 924 324 2 931 924 324
Autosomal SNPs 2 931 908 421 2 931 908 421
1 affected offspring & 2
parents 1 723 908 421 2 782 908 421

QC Steps:
Call Rate < 95% 62 70 741 90 70 554
HWE < 0.00001 - 20 744 - 31 811
MAF < 5% - 81 974 - 77 796
Mendelian Errors > 0.5% 0 0 0 0
Heterozygosity 62 - 88 -
Relatedness 5 - 10 -
HWE < 0.00001 - 37 - 32
Final 1 594 734 925 2 594 728 228
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Table S3: Quality Control Procedure for SSC datasets
Strict SSC Data Spectrum SSC Data
Families SNPs Families SNPs

Start: 2 591 645 885 2 591 645 885
Autosomal SNPs 2 591 626 243 2 591 626 243
1 affected offspring & 2
parents 2 089 626 243 2 586 626 243

QC Steps:
Call Rate < 95% 0 3 843 0 3 877
HWE < 0.00001 - 55 821 - 62 430
MAF < 5% - 76 513 - 74 286
Mendelian Errors > 0.5% 1 2 769 1 2 596
Heterozygosity 68 - 108 -
Relatedness 60 - 44 -
HWE < 0.00001 - 91 - 64
Final 1 960 487 216 2 433 483 080

Bayesian Noteworthy Threshold

In specifying the parameters for the Bayesian thresholds for R1 and S1, we note that the effect

sizes in GWAS for a complex disorder are generally expected to be low. For example, the genotype

relative risk for a SNP is suggested to be between 1.1 and 2 [11, 12]. The most significant findings

in previous GWASs in ASD include a SNP (rs4307059) on chromosome 5 with an odds ratio

of 1.19 [13], another SNP (rs10513025) on chromosome 5 with an odds ratio of 0.55 (1/0.55 =

1.81) [14] and a SNP (rs4141463) in the gene MACROD2 on chromosome 20 with an odds ratio of

0.56 (1/0.56 = 1.79) [15]. These previous findings all report effect sizes in terms of odds ratios. In

comparing odds ratios and relative risks, these effect sizes will be similar when the event of interest

is rare, otherwise the odds ratio will overestimate the relative risk. Based on the suggested range

of relative risk sizes and odds ratio findings, we chose the prior on the effect size for an association

and a maternal genetic effect such that there is a 5% chance that the relative risk will be larger

than 2. This results in the prior variance for the log of the relative risk being W = 0.422 [16].

There is evidence to suggest that there are several hundred to thousands of loci that are likely
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to contribute to the complex genetic heterogeneity of ASD [17–19], the majority of which are

due to common variation [20]. If we conservatively assume that there are 1 million independent

common variants and that 500 of these variants contribute to ASD, then our prior probability that

H0 is true, π0 = 1 - 500/1,000,000 = 0.9995, leads to a prior odds of H0 being true of PO = 1,999.

We chose R = 10, the ratio of cost of type II to type I error. We believe type II errors are 10 times

as bad as type I errors, as false negative findings cannot be followed up as noted and discussed by

Wakefield [21].

The standard errors in the full model produced by EMIM can be inflated [1] and when the

standard error (Vn) increases, Z2 score increases. Instead of using the standard error of R1

(offspring genetic effect) and S1 (maternal genetic effect) for Vn that the full model produces, we

used the standard errors from testing for R1 and S1 independently (e.g. H0: R1 = 0 and H1: R1

6= 0). Therefore, the standard error for R1 and S1 is calculated using [n×MAF× (1−MAF)]−
1
2 ,

where n is the sample size and the MAF is the minor allele frequency calculated using the offsprings’

genotypes when calculating the standard error for R1 and using the mothers’ genotypes when

calculating the standard error for S1.

We calculated a Z2 score threshold for the Wald Z score for R1 (the association parameter) and

then on finding results above this threshold, we investigated further for an imprinting effect using

the Wald p-value for IM (the imprinting parameter). We identified a noteworthy imprinting result

when the imprinting Wald p-value is greater than the association threshold also. This process is

illustrated in Figure S2, using dummy data. We calculated a Z2 score threshold for the Wald Z

score for S1 (maternal genetic effect) and a noteworthy maternal genetic effect is identified when

S1 is above this threshold. It is not necessary to have also identified an association at this locus.

Figure S3 illustrates how we identified noteworthy maternal genetic effects.
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SNP R1 Threshold P-value R1 P-value IM
rs48 1.22x10−4 1.10x10−6 8.33x10−3

rs46 1.18x10−4 1.85x10−6 8.78x10−3

rs43 1.09x10−4 3.48x10−6 9.22x10−3

rs88 1.03x10−4 7.48x10−5 1.31x10−5

rs99 1.12x10−4 9.81x10−5 7.18x10−5

rs54 9.92x10−5 2.89x10−4 9.71x10−2

rs75 9.93x10−5 7.02x10−3 4.77x10−2

. . . .

. . . .

. . . .

Step 1: Identifying Noteworthy Associations (R1). SNPs (grey) above the association threshold
(green line) are considered noteworthy, there are 5 noteworthy associations here.

SNP R1 Threshold P-value R1 P-value IM
rs88 1.03x10−4 7.48x10−5 1.31x10−5

rs99 1.12x10−4 9.81x10−5 7.18x10−5

rs48 1.22x10−4 1.10x10−6 8.33x10−3

rs46 1.18x10−4 1.85x10−6 8.78x10−3

rs43 1.09x10−4 3.48x10−6 9.22x10−3

rs70 9.69x10−5 8.85x10−2 1.98x10−2

rs74 1.02x10−4 9.49x10−2 1.21x10−2

. . . .

. . . .

. . . .

Step 2: For Noteworthy SNPs Investigate Imprinting Effects (IM). Each SNP has an association
-log10(P-value) (grey) and an imprinting -log10(P-value) (blue). Noteworthy imprinting SNPs are those
SNPs (blue) with both an imprinting -log10(P-value) and an association -log10(P-value) above the threshold
(green line).

Figure S2: Identifying Noteworthy Imprinting Effects using the Bayesian Threshold

SNP S1 Threshold P-value S1

rs202 1.12x10−4 8.79x10−7

rs808 9.89x10−5 6.56x10−5

rs303 9.23x10−5 7.55x10−5

rs707 8.62x10−5 8.07x10−5

rs606 1.01x10−4 2.34x10−4

rs404 1.11x10−4 2.92x10−4

rs909 9.91x10−5 4.15x10−3

. . .

. . .

. . .

Figure S3: Identifying Maternal Genetic Effects Using the Bayesian Threshold.
SNPs (purple) above the maternal genetic threshold (red line) are considered noteworthy, there are 4
noteworthy maternal genetic effects (S1) here.
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Sensitivity of Bayesian Threshold

The standard error (Vn) is controlled/determined by the sample size and MAF for the offspring

genetic effect parameter, R1, and the maternal genetic parameter, S1. The sample size does not

vary to any great extent from SNP to SNP (only changes if all 3 family members have missing

data at a SNP, otherwise missing data is estimated by EMIM) but the MAF does vary and we

examined what happens to the threshold as the MAF varies in Figure S4(a) using the sample size

from our smallest dataset (AGP Strict, n = 1,594). There is a higher threshold at low MAFs,

which is to be expected as there is less information here to determine a noteworthy finding and

thus the threshold needs to be more stringent, and once the MAF > 0.2 there is not much change

in the threshold, and can be seen to level out.

Given that there are several hundred to a thousand loci that are likely to contribute to

ASD [17–19], we tested π0 = 1 - 200/1 000 000 = 0.9998 ⇒ PO = 4 999, π0 = 1 - 500/1 000 000

= 0.9995 ⇒ PO = 1 999 and π0 = 1 - 1 000/1 000 000 = 0.999 ⇒ PO = 999 corresponding to

roughly 200, 500 and 1,000 contributing loci, respectively, see Figure S4(c). We can see from this

plot that the threshold is more sensitive to changes in PO than to changes in W and as would be

expected, the stronger the belief that there are more associations to find the lower the Bayesian

threshold.

We investigated the sensitivity to different R parameter values (ratio of cost of type II errors

to type I errors) of our model, see Figure S4(d). This plot shows that the threshold is much higher

for R = 1 (where cost of type I errors is equal to the cost of type II errors), as would be expected.

Given the limited power to detect parent-of-origin effects and that EMIM is somewhat conservative

at low MAFs [5], we felt that R = 1 is not appropriate for our model. Also, Wakefield [21] compared

the Bayesian threshold versus the Bonferroni correction. For sample sizes ranging between 1,000 -
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3,000 (which compared roughly to the sample sizes in our datasets) and using W = 0.422 together

with π0 = 1 - 1/100,000, which is weaker than our belief of 1 - 500/1 000 000, found that for R

= 10, there were at most 2 false discoveries for approximately every 10 extra findings using the

Bayesian threshold. This seems very beneficial in our model.

Therefore, we felt our choice of parameters (the green line in Figure S4, where Vn is the

standard error, W = 0.422, π0 = 1 - 500/1,000,000 and R = 10) for our Bayesian threshold for R1

and S1 were appropriate for the approach in EMIM with the ASD datasets we are analysing here.

(a) Vn (b) W

(c) PO (d) R
Figure S4: Sensitivity of the Bayesian Threshold, where Vn is the standard error that
depends on MAF and sample size (n =1,594 here), W = 0.422, π0 = 1 - 500/1,000,000 (PO =
1,999) and R = 10, unless otherwise stated
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Results

AGP Spectrum Results

(a) Imprinting

(b) Maternal Genetic Effects

Figure S5: Manhattan Plots for Imprinting (Figure S5 (a)) and Maternal Genetic
Effects (Figure S5 (b)) for Spectrum Phenotype in the AGP Dataset
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Figure S6 gives the QQ plots for IM and S1 in the AGP Spectrum dataset.

(a) IM (b) S1

Figure S6: QQ plots for AGP Spectrum dataset

Figure S7: AGP Spectrum Chromosome 4, rs10025482 Paternal Over-Transmission.
Regional plot of SNPs highlighted in the AGP Spectrum analysis for imprinting result when the
association is above the Bayesian threshold for R1 (green line). Index SNP rs10025482 is shown
in purple. Markers in linkage disequilibrium with the index SNP are shown and based on 1000
genomes CEU. Recombination rate plotted in blue.
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Figure S8: AGP Spectrum Chromosome 11, rs545208 Maternal Genetic Effect. Re-
gional plot of SNPs highlighted in the AGP Spectrum analysis for maternal genetic effects (S1,
triangles). Index SNP rs545208 is shown in purple. Markers in linkage disequilibrium with the
index SNP are shown and based on 1000 genomes CEU. Recombination rate plotted in blue. The
red line represents the Bayesian threshold for S1.
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Figure S9: AGP Spectrum Chromosome 3, rs9809640 Maternal Genetic Effect. Re-
gional plot of SNPs highlighted in the AGP Spectrum analysis for maternal genetic effects (S1,
triangles). Index SNP rs9809640 is shown in purple. Markers in linkage disequilibrium with the
index SNP are shown and based on 1000 genomes CEU. Recombination rate plotted in blue. The
red line represents the Bayesian threshold for S1.

AGP Strict Results

There were seven noteworthy imprinting results and there were forty-eight independent loci with a

maternal genetic effect above the S1 threshold (four of which overlap with AGP Spectrum results),

see the Manhattan plots (Figure S10) and Tables S6 and S7 for all hits that were above the

threshold for offspring genetic effects (R1) and imprinting (IM ) or were above the threshold for

maternal genetic effects (S1). Figure S15 gives an the overlap of findings that where above the

threshold in both the AGP Strict and AGP Spectrum. (Note that many findings where above the

threshold in one of the phenotypes and close but not above the threshold in the other phenotype

16



and hence. were not considered to be noteworthy findings.) Figure S14 gives the QQ plots for IM

and S1 in the AGP Strict dataset.

Imprinting Results

Our strongest associations showed evidence for paternal over-transmission and a maternal genetic

effect on chromosome 7p in an intergenic region between LOC100419776 and EPS15P1 (rs1525240,

IM = 0.47, Wald p-value =3.8x10−7, S1 = 1.53, Wald p-value = 1.4x10−5, see Figure S11). This

region was previously linked with a de novo mutation in ASD [22]. One of our top hits for

maternal over-transmission on chromosome 18 between DSEL and LOC100129135 (rs395393,

IM = 1.73, Wald p-value = 9.81x10−5, see Figure S12) was previously implicated for maternal

genetic effects [23] (R2 = 0.235 between rs395393 and rs7242936), but the authors did not consider

imprinting in their analysis which can mimic maternal genetic effects [5, 24]. Note, the maternal

genetic effect found at rs7242936 in [23] was found in a merged dataset consisting of AGRE and

SSC samples, so there is some overlap of the samples in [23] and ours (as the AGP contains samples

from AGRE).

Maternal Genetic Results

We found evidence for a maternal genetic effect and paternal over-transmission on chromosome

15q15.1 in the MGA gene (rs16971976, S1 = 1.58, Wald p-value = 3.9x10−7, IM = 0.53, Wald

p-value = 9.1x10−6, see Figure S13). This region was previously linked with ASD in a linkage

study [25]. Note there is again potential for small overlap with the samples in [25] and ours as [25]

analysed the AGRE dataset.
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(a) Imprinting

(b) Maternal Genetic Effects

Figure S10: Manhattan Plots for Imprinting (Figure S10 (a)) and Maternal Genetic
Effects (Figure S10 (b)) for Strict Phenotype in the AGP Dataset
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Figure S11: AGP Strict Chromosome 7, rs1525240 Paternal Over-Transmission and
Maternal Effect. The top panel shows the regional plot of SNPs highlighted in the AGP Strict
analysis for an imprinting effect (IM , squares) when there is an association above the R1 threshold
(green line). The second panel shows the regional plot for maternal genetic effects (S1, triangles)
and the S1 threshold (green line). Index SNP rs1525240 is shown in purple. Markers in linkage
disequilibrium with the index SNP are shown and based on 1000 genomes CEU. Recombination
rate plotted in blue.
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Figure S12: AGP Strict Chromosome 18, rs395393 Maternal Over-Transmission. The
top panel shows the regional plot of SNPs highlighted in the AGP Strict analysis for the association
(R1, circles). When the association is above the Bayesian threshold for R1 (green line), we then
investigate the imprinting results, shown in the second panel represented by squares. Index SNP
rs395393 is shown in purple. Markers in linkage disequilibrium with the index SNP are shown and
based on 1000 genomes CEU. Recombination rate plotted in blue.
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Figure S13: AGP Strict Chromosome 15, rs16971976 Paternal Over-Transmission
and Maternal Effect. The top panel shows the regional plot of SNPs highlighted in the AGP
Strict analysis for an imprinting effect (IM , squares) when there is an association above the R1

threshold (green line). The second panel shows the regional plot for maternal genetic effects
(S1, triangles) and the S1 threshold (green line). Index SNP rs16971976 is shown in purple.
Markers in linkage disequilibrium with the index SNP are shown and based on 1000 genomes CEU.
Recombination rate plotted in blue.
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(a) IM (b) S1

Figure S14: QQ plots for AGP Strict dataset

(a) IM (b) S1

Figure S15: Summary of AGP results, for imprinting, IM , and maternal genetic
effects, S1, and the overlap between Strict and Spectrum datasets
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SSC Spectrum Results

(a) Imprinting

(b) Maternal Genetic Effects

Figure S16: Manhattan Plots for Imprinting (Figure S16 (a)) and Maternal Genetic
Effects (Figure S16 (b)) for Spectrum Phenotype in SSC dataset
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Figure S17 gives the QQ plots for IM and S1 in the SSC Spectrum dataset.

(a) IM (b) S1

Figure S17: QQ plots for SSC Spectrum dataset

Figure S18: SSC Spectrum Chromosome 7, rs4719103 Maternal Genetic Effect. Re-
gional plot of SNPs highlighted in the SSC Spectrum analysis for maternal genetic effects (S1,
triangles). Index SNP rs4719103 is shown in purple. Markers in linkage disequilibrium with the
index SNP are shown and based on 1000 genomes CEU. Recombination rate plotted in blue. The
red line represents the Bayesian threshold for S1.
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SSC Strict Results

There were three noteworthy imprinting results (one of which overlaps with the SSC Spectrum

results) and there were twenty-four independent loci with a maternal genetic effect above the S1

threshold (six of which overlap with the SSC Strict results), see the Manhattan plots (Figure

S19) and Tables S10 and S11. Figure S21 gives an the overlap of findings that where above the

threshold in both the SSC Strict and SSC Spectrum. Note that many findings where above the

threshold in one of the phenotypes and close but not above the threshold in the other phenotype

and hence. were not noted as noteworthy findings. Figure S20 gives the QQ plots for IM and S1

in the SSC Strict dataset.

Imprinting Results

Our strongest associations showed evidence for maternal over-transmission on chromosome 14q13

within 10.7kb of the NFKBIA gene (rs8013309, IM = 2, Wald p-value = 8.08x10−6). This area

was previously linked with intellectual and developmental disabilities in a CNV study [26]. One of

our top hits for maternal over-transmission on chromosome 6p is located in the LRRC16A gene

(near the HLA region) (rs16890706, IM = 1.94, Wald p-value = 2.25x10−5), which was previously

implicated in language deficits in [27]. Another noteworthy maternal over-transmission result was

found on chromosome 2 in the DCDC2C gene (rs357977, IM = 1.707, Wald p-value = 7.86x10−5),

which was previously implicated in low IQ in autism and other neurodevelopmental disorders [28].

Maternal Genetic Results

We found evidence for a maternal genetic effect on chromosome 14q in the DAAM1 gene (rs1253005,

S1 = 1.51, Wald p-value = 3.84−7). This area was previously implicated in a CNV study for

intellectual and developmental disabilities [26]. One of our top hits for maternal genetic effects
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is on chromosome 22 in the SHANK3 gene (rs5770820, S1 = 1.46, Wald p-value = 2.45x10−5),

and disruptions in the SHANK3 gene have been associated with autistic traits and in particular,

these disruptions are responsible for the development of Phelan–McDermid syndrome and other

non-syndromic ASDs [29]. A noteworthy protective maternal genetic effect result was identified on

chromosome 16q21 in the CDH8 gene (rs11075447, S1 = 0.72, Wald p-value = 5.94x10−5), with

evidence of disruptions in CDH8 in two families being previously linked to autism and learning

disability [30].
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(a) Imprinting

(b) Maternal Genetic Effects

Figure S19: Manhattan Plots for Imprinting (Figure S19 (a)) and Maternal Genetic
Effects (Figure S19 (b)) for Strict Phenotype in SSC dataset
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(a) IM (b) S1

Figure S20: QQ plots for SSC Strict dataset

(a) IM (b) S1

Figure S21: Summary of SSC results for imprinting, IM , and maternal genetic effects,
S1, and the overlap between Strict and Spectrum datasets
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